To gain further insight into the biomechanics of the human intervertebral disc and to determine a potential mechanism for causation and relief of symptoms related to a herniated disc, the pressure-volume relation was determined within the nucleus pulposus. Pressure was measured continuously within the nucleus pulposus in 17 intact lumbar discs from human cadavers by means of a miniature strain gauge at the tip of a size 4 French (1-3 mm) catheter inserted into the nucleus pulposus. The volume of the nucleus pulposus was increased at the slow, continuous rate of 0-034 mllmin by the pump regulated infusion of saline coloured with methylene blue. In 12 unloaded discs, nucleus pulposus pressure rose in a linear fashion (linear r=0.96) from an initial mean pressure of 174 (SD 81) kPa. The mean rate of pressure rise was 327 (SD 109) kPa/ml volume increase. The peak pressure measured was 550 kPa; this was slightly higher than the capability of the transducer. Similar linear relations were obtained during infusion of saline into five vertically loaded discs fixed at the deformation produced by a 9-1 kg weight. The data define the pressure-volume relation within the disc and show that the nucleus pulposus, surrounded by the relatively inelastic annulus and the solid vertebral end plates, has the properties of a tight hydraulic space in which a large pressure rise will regularly result from a small increase in volume. Presumably the opposite is also true. The data may provide a biomechanical basis for the physiological variation in symptoms related to the disc, and for any benefit obtained from interventions designed to remove disc tissue.
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Abstract
To gain further insight into the biomechanics of the human intervertebral disc and to determine a potential mechanism for causation and relief of symptoms related to a herniated disc, the pressure-volume relation was determined within the nucleus pulposus. Pressure was measured continuously within the nucleus pulposus in 17 intact lumbar discs from human cadavers by means of a miniature strain gauge at the tip of a size 4 French (1-3 mm) catheter inserted into the nucleus pulposus. The volume of the nucleus pulposus was increased at the slow, continuous rate of 0-034 mllmin by the pump regulated infusion of saline coloured with methylene blue. In 12 unloaded discs, nucleus pulposus pressure rose in a linear fashion (linear r=0.96) from an initial mean pressure of 174 (SD 81) kPa. The mean rate of pressure rise was 327 (SD 109) kPa/ml volume increase. The peak pressure measured was 550 kPa; this was slightly higher than the capability of the transducer. Similar linear relations were obtained during infusion of saline into five vertically loaded discs fixed at the deformation produced by a 9-1 kg weight. The data define the pressure-volume relation within the disc and show that the nucleus pulposus, surrounded by the relatively inelastic annulus and the solid vertebral end plates, has the properties of a tight hydraulic space in which a large pressure rise will regularly result from a small increase in volume. Presumably the opposite is also true. The data may provide a biomechanical basis for the physiological variation in symptoms related to the disc, and for any benefit obtained from interventions designed to remove disc tissue. This investigation examines the hypothesis that the human intervertebral disc acts as a tight hydraulic system in which a small alteration in volume will result in a major change in intradiscal pressure. Several experimental and clinical investigations have suggested this relation,`'-but it has never been evaluated in an organised fashion. Such an evaluation should also be able to predict the magnitude of change in pressure to be expected within the nucleus pulposus if its intrinsic volume should be physiologically altered such as in the course of fluid absorption or loss.5 The findings could also serve as a basis for the beneficial clinical response seen after manoeuvres in which a portion of the nucleus pulposus is either dissolved (chymopapain),6 removed (percutaneous nucleotome or surgery),' x or vapourised (percutaneous laser). 9 10 Nachemson found that the semigelatinous nucleus pulposus fulfilled one of the requirements of a hydraulic system in that pressure within it was equally transmitted in all directions. " Ranu'2 ' reported that the fibrous nature of the laterally surrounding annulus was so strong that fracture of the vertebral end plates usually occurred before the annulus ruptured if extreme loads were applied to the cadaver spine in a longitudinal direction, or if the nucleus pulposus pressure was increased to extreme values by contrast injection. 14 In pressure regulated injections of contrast into the human cervical nucleus pulposus in vivo at 1077 kPa (8000 mm Hg), not more than 013 ml was injected unless the annulus had been ruptured.2 It has often been noted that extreme resistance is offered to an attempted injection of contrast into the nucleus pulposus, so that not more than I to 15 ml can be injected by syringe.1
Thus it might be expected that pressure within the nucleus pulposus would reach extreme heights with application of a load to the vertebral column because pressure is not dissipated beyond the semi rigid annulus, and this has been found to be the case during life as well as in the cadaver. For example, pressure in the nucleus pulposus has been shown to increase by 450 kPa from the supine to the sitting position4 and to reach 1900 kPa if the person leans forward and holds a 20 kg weight in each hand." Intradiscal pressures of 3360 kPa (25 200 mm Hg) or more have been recorded in cadaver discs when loaded in compression to the point of fracture. '5 16 The best way to obtain a complete evaluation of the mechanical capabilities and limitations of the human intervertebral disc, however, is to examine the continuous relation between pressure and volume within the nucleus pulposus. This curve will characterise the degree of rigidity of the nucleus pulposus/annulus system, the capacities of the disc, and the amount of pressure change in the nucleus pulposus to be expected for a given alteration in its volume.
In this study pressure was recorded continuously while increasing volume at a slow and constant rate by the regulated infusion of saline into the nucleus pulposus of human lumbar intervertebral discs obtained at necropsy.
Materials and methods
Within 24 hours of necropsy, human lumbar vertebrae with the interposed intervertebral discs and longitudinal ligaments intact were For placement of the transducer into the nucleus pulposus, a 14 gauge trochar needle with a plastic sheath (Angiocath) was first inserted about 2 cm into the visible disc annulus posterolaterally, the trochar removed, the catheter inserted through the hub to 2 mm beyond the end of the plastic sheath, and the sheath withdrawn. This left the catheter tip near the centre of the nucleus pulposus. The catheter position outside the disc was rigidly fixed with an external support to prevent motion, as there was a tendency for the catheter to be forced out as the pressure in the nucleus pulposus rose. Rotation of the catheter, as well as withdrawal and reinsertion of the transducer into another site in the nucleus pulposus did not significantly change the pressure, as previously noted by others. 7 The saline to be infused was coloured with methylene blue so as to detect any leak that may develop and to determine the actual site of injection and its distribution in the nucleus pulposus. In fact a slow and continuous rate of infusion prevents relaxation. Tissues that are viscoelastic in nature must be tested at a slower rather than a higher rate of response as the higher rate will show a linear response. A Harvard syringe pump with a worm gear was used for infusion, with the rate of infusion for each study set at a calibrated 0-034 ml/minute. Tubing from the syringe was connected to a 22 gauge needle that had been inserted into the nucleus pulposus near its centre.
Pressure was recorded continuously at a speed of 50 mm/minute on a direct writing oscillograph (Beckman) simultaneously on three channels set at high, medium, and low sensitivity so as to capture the earliest and the greatest pressure responses without altering the recording variables. Saline was infused continuously until the pressure approached the limits of the gauge (5 bar, 506 kPa, 3800 mm Hg), or until there was evidence of a leak.
After the saline infusion, the discs were cut in half and rated according to the degree of degenerative disease on the gross scale of 1 to 411; no discs graded 4 are included in these data. Discs were also discarded from analysis if there was any evidence of leakage; because of high pressures obtained, leakage was sometimes evident from the puncture sites through the annulus or into the vertebral end plates.
Data are also presented from similarly conducted pressure volume studies in five other discs that were subjected to a vertical loading before the infusion. They were clamped in a specially constructed frame. Pressure was initially recorded in the unloaded state as already described. Then a 9-1 kg weight was placed on the vertical loading platform, four wing nuts were tightened to maintain the loaded dimension constant, and the weight was removed. The time lapse between applying the load of 9-1 kg and tightening the wing nuts was two hours. The purpose of this part of the experiment was to test the response of the intervertebral disc to load and saline infusion at the same time. The load of 9-1 kg is about one fourth of the load used by Nachemson. " Thus a partial in vivo loading situation was simulated. After stabilisation of pressure the saline infusion was started as described. Pressure data were taken from the recording at one minute intervals, equivalent to a volume increase of 0-034 ml. The amount of fluid injected at any time could be accurately determined from the elapsed time on the recorder. Standard linear regression statistics were used to evaluate the relation between pressure and volume.
Results
UNLOADED DISCS
The initial pressure measured in the nucleus pulposus in these 12 discs ( (fig 1) shows that there was often a slower rate of pressure rise for the first 0 I to 0-2 ml infused. The maximum pressure achieved was necessarily limited by stopping the infusion near the stated capabilities of the pressure transducer or by the appearance of a leak of the saline (which contained a blue dye). The disc was omitted from the analysis if, Volume infused (ml) Figure 2 Effect on intradiscal pressure ofa slow and continuous infusion ofsaline into the nucleus pulposus offive intervertebral discs that had been vertically loaded and clamped (loaded discs).
on sectioning it, saline was found to have leaked into the vertebral end plates or out of the annulus. The mean rate of pressure rise/ml infused was 327 kPa/ml (2460 mm Hg/ml).
The variation in rate of pressure rise/ml infused varied threefold, and there was also a similar range of initial pressures. The correlation between initial pressure and rate of rise was poor (r=0-37), however, indicating that initial pressure could explain only 13-6% of the pressure rise. There was no correlation between the class of disc and initial pressure (r= -0 05). A better correlation was present between the pathological class of the disc and the rate of pressure rise (r=-0 54) indicating that 28-7% of the rate of pressure rise could be inversely attributed to the class of disc.
LOADED DISCS
Results were similar for the configuration of the pressure rise in the five discs that had been preloaded at a fixed length before saline infusion o ( fig 2 and table 2 Disc volume (ml) Figure 3 Experimental and conceptual representation ofthe pressure-volume relation in the human intervertebral disc. Initial volume ofthe nucleus pulposus was assumed to be 100 ml. 
